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H I G H L I G H T S

• We present a model to explore impact
of forest management on hydrologic
processes.

• Results indicate that surface flow and
soilwater increases after forestmanage-
ment.

• Climate change has little impact on
near-future discharge, dramatic impact
by 2100.

• Climate change leads to reduced soil
moisture in the future period.

• Forest hydrology models show poten-
tial for informing environmental
management.
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The importance of water quantity for domestic and industrial water supply, agriculture, and the economy more
broadly has led to the development of many water quantity assessment methods. In this study, surface flow and
soil water in the forested upper reaches of the Yoshino River are compared using a distributed hydrological
model with Forest Maintenance Module under two scenarios; before and after forest maintenance. We also ex-
amine the impact of forest maintenance on these variables during extreme droughts. Results show that surface
flow and soil water increased after forest maintenance. In addition, projections of future water resources were
estimated using a hydrological model and the output from a 20 km mesh Global Climate Model (GCM20).
River discharge for the near-future (2015–2039) is similar to that of the present (1979–2003). Estimated river
discharge for the future (2075–2099) was found to be substantially more extreme than in the current period,
with 12m3/s higher peak discharge in August and 7m3/s lower in July compared to the discharges of the present
period. Soilwater for the future is estimated to be lower than for the present and near future inMay. Themethods
discussed in this study can be applied in other regions and the results help elucidate the impact of forests and cli-
mate change on water resources.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Water is both the foundation of human societies and a major source
of vulnerability to extreme events such as droughts and floods. Water
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shortages and droughts are increasing in frequency and intensity as cli-
mate change and population growth compound already strained water
resource systems (Brekke, 2010). Global climate change is likely to lead
to higher evapotranspiration and consequently enhance drought occur-
rence (Harriet Bigas et al., 2012) as population growth simultaneously
increases water demand. Human activities have caused increasing con-
centrations of atmospheric CO2 and other gases in the atmosphere
which lead to increases in potential evapotranspiration and, as a conse-
quence, surface heating (Trenberth et al., 2014). Thismay increase actu-
al evapotranspiration which contributes to drought conditions. Both
frequency and intensity of drought conditions inmany countries appear
to be increasing, e.g. Britain in 2012 (Bell et al., 2013), Serbia in 2000
(Gocic and Trajkovic, 2013), South China after 2003 (Zhang et al.,
2013), United States in 2011–2012 (Grigg, 2014), European-wide in
2003 (Byzedi et al., 2014), Moscow region in 2010 (Lupo et al., 2014),
etc. Droughts affect woody plant mortality (Twidwell et al., 2014),
cave species (Shu et al., 2013), plant growth in general (Lipiec et al.,
2013), and children's respiratory health (Smith et al., 2014), among
many effects. Additionally, severe water shortages will be coincident
with increasing water stress with important implications for human
health (Oki andKanae, 2006; Eliasson, 2015) andwater pollutions prob-
lem (He et al., 2011). Droughts have adverse impacts on water quality
with responses in water temperature, eutrophication, major ions and
heavymetals (Zwolsmanand vanBokhoven, 2007). Forestmaintenance
studies are essential to reduce drought stress and water shortages, par-
ticularly as droughts become increasingly serious and threatening to
human societies and the environment.

The effect of forests on hydrology has been explored in numerous
studies. Forests can store water during flood events, a function that
can be lost when soils are fully saturated during extreme rainfall events
(Scherrer et al., 2007). Forests have a significant impact on extreme
flows by contolling flood routing (Eisenbies et al., 2007). Soil erosion in-
creases under poor forest management (e.g. clear cutting or over-har-
vesting) (Grace, 2004). The impact of forest use and reforestation on
soil hydraulic conductivity has been studied in the Western Ghats of
India (Bonell et al., 2010). Many studies focus on future challenges
and directions of forest hydrology. Forest gapmodels have been applied
successfully to simulate tree species composition and have been im-
proved to simulate patterns of aboveground biomass more realistically
along drought gradients (Bugmann and Cramer, 1998). The impact of
droughts on forest growth at different time scales has been investigated
to understand forest response to climate change, and the increasing fre-
quency of droughts (Pasho et al., 2011). Nakai and Kisanuki (2011) in-
vestigated tree cutting impact of two specific tree species in the
Yoshino River basin. However, the impact of forest maintenance on Jap-
anese river basins remains an important topic, particularly given the im-
plications for water shortages in the context of climate change.

Thewarming of the climate systemhas led to changes in climate var-
iables and caused increases of extreme climate conditions, e.g. storms
and droughts. Previous researches have focused on drought hydrology
and climate change impacts on droughts. The Standard Precipitation
Index (SPI) is used for long-term drought forecasting (Belayneh et al.,
2014; Raziei et al., 2013), multivariate approaches have been added to
the SPI (Bazrafshan et al., 2014), and a Multivariate Standardized
Drought Index has been coupled with the Standardized Precipitation
Index (SPI) and the Standardized Soil Moisture Index (SSI) (Hao and
AghaKouchak, 2013). Burke and Brown (2010) assessed regional
drought events in the UK to predict future change due to increases in
greenhouse gas concentrations. Recent research has also characterized
uncertainty based on the choice of drought index and the internal vari-
ability of the Canadian Regional Climate Model driving data
(PaiMazumder and Done, 2014). Other modeling studies investigated
the combined uncertainties in GCM output, scenarios choice and down-
scaling method (Raje and Mujumdar, 2010). Stringer et al. (2009)
assessed the impact of international and national policies in support of
local adaptive strategies in southern Africa on the three interlinked

drivers of climate change, desertification and drought. The impacts
resulting from land-use and climate change on droughts have been
analysed using physically-based models in the Netherlands (Hupsel,
Gulp and Noor), Norway (Haugland) and Scotland (Monachyle)
(Querner et al., 1997). However, little research has analysed droughts
using hydrological models and high resolution GCM data in Japanese
river basins.

Themain objectives of this study are to analyse the change of surface
flow and soil water under extreme droughts before and after forest
maintenance, and to project future water resource conditions and soil
water concentrations using a distributed hydrological model driven by
20 km mesh high resolution GCM data for Japan. Additionally, we dis-
cuss the role of forests and forest maintenance in ameliorating drought
severity. Management recommendations are provided for future forest
management with consideration to extreme droughts and future cli-
mate scenarios.

2. Study site and data collection

2.1. Description of study site

We focus on the upper reaches of the Yoshino River, Kochi Prefec-
ture in the Shikoku Island of Japan. The upper basin of the Yoshino
River (Fig. 1) is the upper stream from the Sameura Dam. The Sameura
Dam is used for hydropower, flood control, domestic water supply, and
irrigation. The Yoshino River is the second longest river on Shikoku Is-
land, spreading over the island's four prefectures (Kamada et al.,
1997). The river has a long history of flood control beginning in 1585
during the Edo period.

The basin area of the upper Yoshino River is about 389 km2. The
highest elevation is 1890 m, and the lowest elevation is 313 m. The an-
nual rainfall in the mountainous area of this catchment is 2500 to
3000 mm, and most rainfall is concentrated from July to September
(Jaranilla-Sanchez et al., 2012). Extreme historical discharge from the
Sameura Dam is 0 m3/s during the dry season (October to February)
and 4000 m3/s during the wet season (July to September)
(KPPDWRPD, 2011). In recent decades, water shortages became serious
in the Yoshino river basin (Nyunt et al., 2014).Most seriouswater short-
age after the construction of Sameura Damhappened in 2008 (Luo et al.,
2011). Water storage in the Sameura Dam approached zero on August
31, 2008. After the construction of Sameura Dam thewater use capacity
of this dam is close to zero which sometimes continues for 20 days.
From the 1960s to the 1970s, deforested areas of the Yoshino River
were reforested. Reforested areas in the Yoshino River basin matured
during the 1980s and 1990s. Ten parameters have been used in the
SWAT model for this drought study. The detail description of those ten
parameters is presented in Table S1.

2.2. SWAT model inputs

2.2.1. Digital elevation model (DEM)
The digital elevation model (DEM) came from published data of the

Japanese Ministry of Land, Infrastructure, Transport and Tourism
(MLIT). The original DEM was transferred into point shape files using
ArcGIS9.3 Japanese version. The original DEM is 50 m mesh resolution.
Original 50 m mesh DEM data was scaled into raster files at 100 m
mesh. The DEM (Fig. 1) is used to delineate the watershed boundary,
river channel network, flow direction, flow accumulation and sub-
basins.

2.2.2. Soil type
Soil type data was downloaded from the land and classification sur-

vey at the website of Land and real property in Japan, JapaneseMinistry
of Land, Infrastructure, Transport and Tourism (MLIT). Soil type data is
1:200,000 seamless. The original soil type data was converted into
100 m mesh raster file. The main classifications of soil type include
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